We describe observations of the C 18 O J ¼ 2 → 1, 3 → 2 and C I 3 P 1 → 3 P 0 lines towards the HH24-26 molecular cloud core. The C 18 O traces the north-south molecular ridge, but the dense clumps identified by previous high-resolution HCO þ and dust continuum data do not stand out. Using H 2 column densities estimated from dust continuum measurements, we find that the CO abundance may be reduced by factors of at least 10 towards three positions (two of which are Class 0 protostars). Depending on the assumptions employed, the reduction may be as high as ϳ50 towards the clump positions. The magnitude of the reduced abundances is in good agreement with chemical models of collapsing clouds in which molecules accrete on to dust grains. Alternative interpretations, retaining normal abundances, and relying on subtle optical depth and beam filling effects, are considered, but shown to be less likely.
I N T R O D U C T I O N
The rarer isotopomers of carbon monoxide, such as C 18 O, are widely used as tracers of molecular hydrogen column density in dense molecular cloud cores. The abundance of C 18 O relative to H 2 , denoted by X(C 18 O), has been estimated to be ϳ2 × 10 ¹7 (Frerking, Langer & Wilson 1982) , some 500 times lower than that of 12 CO. Within dense cores in molecular clouds, the observed intensity of C 18 O is assumed to be directly proportional to the column density of H 2 (provided that the emission is optically thin). The implicit assumption is that the C 18 O abundance remains constant along the line of sight. During the early 1980s, there was little evidence for the depletion of CO on to dust grains (Léger 1983) , notwithstanding the prediction that it should freeze out at temperatures less than ϳ20 K (Nakagawa 1980) . As a consequence, many early chemical models have treated CO as an 'anchor' and fixed its abundance at a constant value. However, there is now mounting evidence for the removal of CO from the gas phase in cold clouds (e.g. B5-IRS1: Teixeira & Emerson 1995; Kelly, Macdonald & Millar 1996) .
The chemical evolution of collapsing gas clouds has yet to be fully explored, with only a few treatments published (e.g. Prasad, Heere & Tarafdar 1991; Rawlings et al. 1992; Ceccarelli, Hollenbach & Tielens 1996; Bergin & Langer 1997) . Rawlings et al. (1992) predict a decrease in XðCOÞ towards the centre of a collapsing clump. Within these compact regions of high density, the time-scale for removal of molecules from the gas phase is but a few thousand years. This is similar to the lifetime inferred for the Class 0 phase of protostellar evolution (André & Montmerle 1994) . Therefore, in Class 0 and similar objects, the variation of chemical abundances over short spatial scales is to be expected. To detect depletion, the depletion time-scale must be less than the starforming (collapse) time-scale. The molecules remain on the dust grains until the protostar warms the environment sufficiently to remove the mantle material, and abundances gradually return to normal (Mundy, McMullin & Blake 1995) .
Neutral atomic carbon is predicted to be abundant in regions of low visual extinction where UV radiation can penetrate and dissociate CO (Langer 1976; Meixner & Tielens 1993) . Simplistically it would be expected that the abundance of C would be high only at cloud surfaces subjected to a far-UV radiation field (Langer 1976) . In reality, the emission from the fine-structure line of carbon at 492 GHz is observed to be widespread, even in clouds where there are no strong sources of UV radiation, such as TMC-1 (Schilke et al. 1995) . The widespread observation of C 0 in molecular clouds has been shown to have significant contributions to the emission from atoms deep within the cloud where A V is as high as 50-100 (Frerking et al. 1989; Little et al. 1994) .
HH24-26 is a dense, star-forming core located in the L1630 molecular cloud at an estimated distance of 400 pc (AnthonyTwarog 1982) . It has been shown to be an active region of ongoing star formation, with a highly fragmented appearance on small scales and numerous outflows (Zealey et al. 1992; Gibb & Heaton 1993, hereafter GH93; Gibb et al. 1995, hereafter GLHL95; VerdesMontenegro & Ho 1996) . Within its bounds is HH24MMS, a Class 0 continuum source and one of the strongest protostellar candidates (Ward-Thompson et al. 1995) .
As part of a programme investigating the small-scale structure of HH24-26, we present here observations of C 18 O J ¼ 2 → 1 and C I 3 P 1 → 3 P 0 transitions. The outline of this paper is as follows. Section 2 describes the observational details. Section 3 presents the results in the form of maps and spectra. In Section 4 we compute column densities for C 18 O and C I. In Section 5 we discuss whether the C 18 O depletions that we deduce are genuine. In Section 6 we model the radiative transfer within the framework of recent theoretical models for collapsing cores, to determine the C 18 O and C abundance distribution. Section 7 relates these distributions to models of cloud chemistry, while Section 8 summarizes our conclusions.
O B S E RVAT I O N S
All data were recorded at the James Clerk Maxwell Telescope (JCMT) on Mauna Kea, Hawaii, on 1994 January 29 to February 1. The common-user receivers A2 and C2 were employed along with the digital autocorrelation spectrometer (DAS) as backend. The zenith atmospheric opacity as determined by the Caltech Submillimeter Observatory (CSO) radiometer at 225 GHz was typically 0.05 during the observing run. System parameters for the respective transitions are listed in Table 1 . All observations were made employing position-switching, and OMC-1 was observed to check calibration which is estimated to be uncertain by < 10 per cent at 220 GHz and ϳ20-25 per cent at 492 GHz. The mean pointing error was of order 3 arcsec. The forward scattering and spillover efficiency, h fss , was taken from the JCMT userguide and has been used to convert T The core was mapped in C 18 O, covering the same area as the HCO þ emission observed by GH93, but centred 10 arcsec south of the nominal (0, 0) position. Neutral carbon spectra were observed towards the centre positions of the six clumps listed by GH93, in addition to an east-west cross-scan made at the declination of the most massive clump (clump E). The cross-scan extended to approximately 3 arcmin in either direction. More recently, on 1996 September 19, two C 18 O J ¼ 3 → 2 spectra were also obtained towards the positions of HH24MMS and clump E (HH25MMS) at the JCMT although the integration time was limited, giving a relatively high noise level of DT ¬ A = 0.5 K in these spectra.
R E S U LT S

C 18 O emission
The spatial distribution of C 18 O T ¬ R integrated from 8 to 11 km s
¹1
is shown in Fig. 1(a) . The emission delineates a north-south ridge, with a gradient in intensity along it. Immediately striking on comparison with the HCO þ 4 → 3 and 800-m continuum data ( Fig. 1(b) ) is the lack of clear emission maxima: rather, the trend is more akin to the HCO þ 1→0, although it must be admitted that the latter resolution is somewhat lower (GLHL95). In the north of Fig.  1(a) , HH24MMS can be clearly identified, as can an elongated feature coincident with HH24D and clump A of GH93. The southernmost contour levels mark the position of clump E. The intensity falls off rapidly further south, and there is little or no significant emission near clump F and SSV59. Neither is there significant emission near the position of the projected centre of the northern CO outflow at (¹20, ¹15) (GH93). Unfortunately the area covering the centre of the HH26 outflow was not mapped.
Neutral carbon
The neutral carbon spectra observed at the clump positions of GH93 are presented alongside corresponding C 18 O 2→1 spectra in Fig. 2 . The most intense C 18 O 2→1 emission is observed towards positions that display the most intense C I emission. However, the intensity of the C I lines remains high (T ¬ R > 3 K) towards the clumps, even when the C 18 O falls to less than 1 K. The line profiles have a flat-topped appearance near (15, -95) and (30, -135 ), although given the noise level it is unclear whether or not this is due to saturation. 300 A. G. Gibb and L. T. Little ᭧ 1998 RAS, MNRAS 295, 299-311 Fig. 3 shows the C I spectra observed in the east-west scan across the core. A weak east-west gradient in intensity is evident but these figures otherwise demonstrate the general lack of contrast in the C I emission: T ¬ R values of ϳ4 K are still observed up to 3 arcmin off the main north-south ridge. Unfortunately the C 18 O data do not extend this far for comparison. The 12 CO 2→1 intensities at these positions are typically T ¬ R ϳ8-9 K (GH93). The C I and the 12 CO intensities at this declination are consistent with optically thick emission from gas with a temperature of 12-13 K.
Line parameters
Parameters for Gaussian fits to the C 18 O and C I spectra observed towards the clump positions are listed in Table 2 . The broadening effect of the phase instability on receiver A2 on these measurements is negligible, contributing only 0.05 km s ¹1 to the linewidth, and can thus be ignored (H. E. Matthews, private communication). Owing to the high noise level, the presence of extended line wings on the C I spectra would not be distinguished. Towards HH24MMS (clump B), however, a few C 18 O 2→1 spectra have low-level line wings. Despite the recent discovery of what appears to be a compact jet-like feature within HH24MMS (Bontemps, Ward-Thompson & André 1996; Davis et al. 1997) , it cannot be determined whether this wing emission is associated with HH24MMS, owing to the confusing presence of several flows (Krügel & Chini 1994, hereafter KC94) .
From the Gaussian fits to the C 18 O lines, there is little evidence for a velocity gradient. The most prominent feature is a slight (Frerking et al. 1989 ). The line centre velocities given in Table 2 have been corrected for this difference. blueward shift in the peak velocity near the location of the optical jet G (Solf 1987) , which is also detected in HCO þ (GH93). The linewidths also appear to be marginally enhanced towards the clumps that appear along a line of sight to a CO outflow (clumps C, E and F), although there is no wing emission observable in C 18 O. Also, the neutral carbon linewidths are significantly greater than those of the corresponding C 18 O lines, and closer to those of the CO J=2→1 lines (GH93).
Clump B (HH24MMS) does not exhibit any enhancement in the FWHM linewidth as predicted for a collapsing clump, and observed in L1527 (Myers et al. 1995) . This fact may suggest that it is indeed very young -perhaps less than one free-fall time. Alternatively, the C 18 O emission does not arise from the (innermost) region most affected by collapse.
LT E A N A LY S I S
In this section we attempt to estimate abundances for CO and C, assuming that the species are distributed in local thermodynamic equilibrium (LTE). We first estimate excitation temperatures and then go on to derive column densities. The molecular hydrogen column densities are estimated from existing dust continuum emission measurements.
Excitation temperatures
An appropriate choice of excitation temperature is important for estimating column densities. To assist us in this choice for HH24-26, we have rotation temperatures derived from ammonia observations (Harju, Walmsley & Wouterloot 1993) , and minimum values based on the observed brightnesses of 12 CO and 4→3 HCO þ (GH93) lines which are likely to be optically thick. 12 CO is widely distributed, so estimates derived from it are likely to pertain to the outer regions of the core, while NH 3 and HCO þ have a more compact distribution following the HH24-26 ridge, yielding estimates more likely to be appropriate for the inner regions. Furthermore, the molecular hydrogen density required to excite the J=4→3 HCO þ line (n H 2 ϳ 10 7 cm ¹3 ) is much greater than that required for J=2→1 CO (n H 2 ϳ 10 3 cm ¹3 ). Thus the HCO þ is more likely to be sub-thermally excited than CO. Table 3 lists the values for T ex inferred from previous observations. The HCO þ -derived values are, as expected, systematically lower than the other two. The CO values are generally slightly higher than the NH 3 ones (although substantially so for clump B). The C 18 O excitation temperatures would be expected to be similar to those listed in Table 3 for 12 CO and NH 3 . The values that we have adopted are listed in Table 4 .
Assuming that the C 18 O is optically thick, our observed C 18 O brightnesses can be used, with appropriate correction for the Rayleigh-Jeans approximation, to set minimum values for T ex . The minimum T ex s derived in this way for the clumps are given in Table 4 . They lie between 4 and 9 K. It is most unlikely that the southern clumps have a true beam-averaged brightness temperature as high as 15 K, yet their densities (derived from dust observations -GLHL95) suggest that the C 18 O 2→1 line should not be subthermally excited. Therefore, assuming that the beam-filling factor is unity, it is likely that they are optically thin, although C 17 O observations are needed to provide unambiguous confirmation of this. The two northern clumps, however, could be optically thick (within the errors) as their minimum excitation temperatures are somewhat higher. Table 4 lists for C 18 O the line centre optical depths implied by the peak T ¬ R assuming the excitation temperature given in column 3 of Table 4 .
The difference between the CO 2→1-and NH 3 -derived temperatures suggests that some of the clumps may be externally heated. 
A 4.6 1.6 9.5 7.8 2.6 9.7 B 3.9 1.3 9.5 7.0 2.5 9.7 C 1.5 1.9 9.4 4.4 2.8 9.6 D 1.4 1.6 9.6 4.4 3.7 9.9 E 2.0 1.5 9.8 3.6 2.1 10.3 F 0.9 2.1 9.7 3.4 3.2 9.8 Table 3 . Excitation temperatures in kelvin inferred from previous observations. Those from HCO þ and CO are from GH93, except for clumps A and B, for which CO data are from KC94. The ammonia values listed are the kinetic temperatures estimated from the (1,1)-(2,2) rotation temperature (Harju et al. 1993 Given a scenario in which the neutral carbon is confined to a 'skin' bounded by A V < 4 while the CO exists at A V > 4, we might expect the C I excitation temperature to be higher than that of the CO. The excitation requirements for 12 CO and C I are rather similar (e.g. Phillips & Huggins 1981) , so that if the two are well-mixed then we expect that the C I excitation temperature can be taken as similar to that for 12 CO. We may compare the values for 12 CO (left-hand column of Table 3 ) with the minimum excitation temperatures for C I from the brightness of the C I lines, again corrected upwards to take account of the Rayleigh-Jeans approximation (Table 5) . Since the C I is more extended than the 40-arcsec source (Jupiter) used in deriving h fss ¼ 0:5, we do not expect the true values of the minimum T ex to be greater than those given in Table 5 as a result of incomplete beam filling. None the less the C I values are less than those of 12 CO, but not so much that taking errors into account we can rule out the possibility that the C I lines are optically thick. Therefore the column densities for neutral atomic carbon should be regarded as lower limits.
Column densities
Beam-averaged column densities have been computed from the C 18 O and C I using the result derived under the assumption of low optical depth, multiplied by a correction factor which takes account of finite opacity:
(e.g. Irvine, Goldsmith & Hjalmarson 1987) , where n is in GHz, T ¬ R dv is in K km s ¹1 , f u is the fraction of molecules in the upper level, A ul ¼ 7:9 × 10 ¹7 s ¹1 for the C I 3 P 1 → 3 P 0 transition (Nussbaumer 1971) or calculated from, for example, equation (11) of Irvine et al. (1987) for C 18 O assuming m 0 ¼ 0:1 D, and t is the line centre optical depth.
Tables 4 and 5 present the column densities of C 18 O and neutral atomic carbon so calculated towards the clump positions of GH93. The moderate opacities of the observed lines suggest that provided LTE applies, and that the beam-filling factor is unity, our determinations of C 18 O column density should be reasonably accurate, at least for the southern clumps.
The errors quoted for the column densities in Table 4 include contributions from calibration and noise uncertainties and the effects of varying the excitation temperature between 10 and 17 K. In general, the largest contribution to the uncertainty arises from the uncertainty in T ex , since a low assumed T ex leads to a high optical depth and correspondingly high N(CO). The errors quoted in Table 4 are extreme values representing a range of T ex from 10 to 17 K.
C 18 O abundances
Converting the C 18 O column densities into abundances relative to molecular hydrogen has made use of the 800-m data from GLHL95. H 2 column densities (in cm ¹2 ) were calculated following Hildebrand (1983) using the flux densities from GLHL95:
where F n is in Jy, n is in THz and v is the full width at half-maximum beamsize for the observations, 15 arcsec for the data of GLHL95. A dust temperature equal to the corresponding C 18 O excitation temperature was assumed. Although our C 18 O data represent an average over a 22-arcsec beam, we can still derive valid abundances on the assumption that the dust emission is uniformly distributed. By contrast, if all the dust emission is concentrated in an unresolved component, the dust-derived H 2 column densities, averaged over a 22-arcsec beam for comparison with C 18 O, should be reduced by a factor of (22/15) 2 =2.2. This represents the maximum correction possible due to beamsize alone and would raise the C 18 O abundances by the same factor, simultaneously reducing the apparent levels of depletion. The clumps are probably centrally condensed to some degree.
C I column densities
The neutral carbon column densities evaluated towards the clumps Table 5 . Excitation temperatures and column densities for neutral carbon. The minimum excitation temperatures listed in column 2 are derived from the observed C I line brightnesses. The ratio of C to CO column densities is listed in the final column. The notation aðbÞ indicates a × 10 b . lie within a factor of about 2 of ϳ1:9 × 10 17 cm ¹2 . Combining these with the corresponding H 2 column densities suggests columnaveraged abundances of 0.1-1.1×10
¹6 . There is little or no correlation between the neutral carbon column densities and those of hydrogen, although the C I and C 18 O column densities tend to be higher in the north near HH24. Away from the clumps, the column density of carbon is ϳ2.7×10 17 cm ¹2 , very similar to that towards the clumps. This indicates that there is a significant amount of neutral carbon in the outer regions of the core. However, we cannot determine whether it is solely confined to an outer shell or whether contributions from material deeper within the core are merely masked by high optical depths. A useful complementary tracer to clarify the distribution of C and CO might be 13 CO 2→1, which appears to have a similar optical depth and line shape to the C I (Little et al. 1994; Schilke et al. 1995) .
E V I D E N C E F O R C O D E P L E T I O N ?
What is immediately clear from Table 4 is the widespread reduction of the derived C 18 O abundances towards all the clump positions by factors of 10 to 43 compared with the canonical value of 2×10 ¹7 (Frerking et al. 1982) .
In view of the chemical significance of the apparent depletion, suggested by the simple model presented in Section 6, it is important to look for other explanations for our observations, which retain normal abundance. Three other possibilities bear consideration.
(1) The properties of the dust, e.g. gas/dust ratio, dust emissivity, may be abnormal in the HH24-26 clumps. The absorption coefficient may be enhanced within dense clumps due to processes such as coagulation (e.g. Krügel & Siebenmorgen 1994) , and this is often allowed for by the introduction of a parameter b in column density calculations. Employing the expression given by Mezger (1994) for dark clouds (b=3.4) results in column densities which are 33 per cent lower than those of Hildebrand (1983) , consequently reducing the apparent levels of depletion by one-third. Correcting further by a factor of 2.2 for the difference in beamsize and assuming point (dust) sources brings the levels of depletion down to a factor of 17 or less -somewhat lower than in Table 4 but still significant (>10) towards clumps E and F (and possibly towards clump B), even allowing for the uncertainties due to calibration and noise. Thus, towards these clumps, it appears that the C 18 O abundance is still lower than the canonical value by a factor of at least 10, unless the dust emissivity is enhanced by տ10 times.
Furthermore, the dust emission-derived masses in the clumps are in good agreement with the virial masses (GLHL95). Thus abnormal dust parameters do not appear to explain the apparent abundances.
(2) Another possibility is that the dust emission arises from unresolved sub-clumps which are optically thick in C 18 O. Depletion need not then be invoked as we are simply not detecting all the C 18 O. The most convincing example of depletion, clump E, is resolved by the dust and HCO þ observations, and would require to be composed of two or more sub-clumps for this explanation to be valid. The structure within the clumps can be tested via interferometric observations of C 18 O and of dust continuum emission, and/ or beam-matched observations of C 17 O 2→1 to estimate the optical depth of the C 18 O 2→1 line. It is of interest to examine the implications of sub-clumping within the clumps, by constructing a simple model for the content of the antenna beam.
Suppose that the beam is filled with two components: 'envelope' and 'sub-clump' material. In 12 CO both components are optically thick, while in a less abundant CO isotopomer the envelope (component 1) is optically thin, and the sub-clump material (component 2) is optically thick. For convenience we neglect RayleighJeans effects and suppose that both components are at the same temperature (T degrees above the background). The beam filling factor of component 2 is denoted f c , while that of component 1 is effectively (1-f c ) . The components 1 and 2 have linewidths Dv 1 and Dv 2 respectively.
The contribution of component 1 to the integrated line intensity of the weaker CO isotopomer is
If component 1 is extended so that it subtends an angle much greater than the beam dimension, it may be possible to make an estimate of the relative contributions of components 1 and 2, by making an observation on and off the core:
The 4→3 HCO þ emission is closely correlated with the continuum dust emission, rather than the C 18 O, but has a linewidth similar to the C 18 O. We take Dv 1 ¼ Dv 2 . Clump E is barely detectable as an independent source on the north-south ridge of 2→1C
18 O emission. The integrated intensity on the ridge is typically 3.3 K km s ¹1 (Fig. 1a) while clump E does not add more than about 0.3 K km s ¹1 to it. Thus R 12 ¼ T A1 =T A2 Ն 10. Also, for clump E, t 1 ϳ 0:2 (Table 4) There is a serious problem with this 'sub-clump' interpretation, which lies in a comparison of the 4→3 HCO þ and 2→1 C 18 O line emission. The peak HCO þ T ¬ R value towards clump E is 5.5 K while that of C 18 O is only 2.0 K (of which only a small fraction appears to be associated with the sub-clumps). The HCO þ intensity follows the submillimetre dust continuum emission well, rather than the envelope observable in C 18 O, and is thus associated with the subclumps. Yet its line brightness is so high that it must have a beam filling factor near unity, which is much greater than that deduced for the sub-clumps, from C 18 O. Its filling factor is similar to that of the envelope but its distribution is different. It is also surprising that the sub-clumps and the envelope material have similar linewidths, given their extremely large density contrast. Although it is possible to construct a model that 'hides' matter in sub-clumps that are optically thick in C 18 O, the model does not seem to work well when a consideration of the HCO þ observations is included. (3) Another possibility is that C 18 O emission is absorbed by an optically thick C 18 O envelope of low excitation temperature, so that interior clumps observable in 4→3 HCO þ and 5→4 CS cannot be distinguished. In this case we would expect the CO optical depth to be very much greater than that of C 18 O, so that the C 18 O emission would arise from deeper in the cloud than the CO. If the C 18 O is optically thick then in clump E its excitation temperature is 5.7 K compared with 17 K for CO (from Tables 2 and 3 ). The excitation temperature must thus be much less within the cloud. However, the temperatures inside the cloud deduced from NH 3 show little evidence of any such decrease, so this explanation appears improbable.
It therefore seems likely that the CO abundance is truly reduced relative to hydrogen molecules, most probably as a result of depletion on to grains in the cold dense clumps. We prefer this interpretation and emphasize it in this paper both for simplicity and because of the problems with the alternative interpretations described above.
We thus assume that the depletion at the clump positions is genuine, but what about positions well away from the clumps? Unfortunately, the more extended emission has not been detected in the continuum observations. A crude estimate may be made from the flux density towards a position away from any clump emission. For example, at the position offset (45, -30) arcsec, the 800-m flux density is 0.26 Jy (corresponding to a 3j measurement: GLHL95). Assuming that the excitation temperature lies between 10 and 17 K (as above), the hydrogen column density is then < 1:1 × 10 23 or < 4:1 × 10 22 cm ¹2 . The corresponding C 18 O column densities are 2.1Ϯ0:2 × 10 15 and 1:6 Ϯ 0:2 × 10 15 cm ¹2 . Thus the C 18 O abundance is > 2:0 × 10 ¹8 or > 3:9 × 10 ¹8 , factors of ϳ5-10 lower than the standard value. Therefore CO may also be depleted away from the clumps as well, but probably by no more than a factor of 10. However, given the upper limit in N(H 2 ) this is a highly uncertain result and needs to be further constrained by more sensitive continuum observations.
R A D I AT I V E T R A N S F E R M O D E L L I N G O F C I A N D C 1 8 O E M I S S I O N
In an attempt to study the distribution of C 18 O and C I within the core, we have employed a spherically symmetric non-LTE radiative transfer model. This program is based on the Stenholm-Rybicki comoving frame, core-saturation technique (CCT), and has been successfully employed in modelling C I and CO line emission from G34.3+0.2 (Little et al. 1994) . We seek to model HH24MMS and clump E (HH25MMS in the notation of Bontemps, André & WardThompson 1995) . Since there are significant differences between them, we model the two regions separately. Each object is modelled by a spherical cloud, the radius, density and velocity structure of which are the same for both sources. Only the temperature and abundance differ between them. A model cloud typically contains 30 shells with an inner radius of 1-3×10
¹3 pc, and shell thicknesses corresponding to a change in density of a factor of roughly 2 between successive shells.
We have chosen to model the core structure in three ways. Model 1: a model with velocity and density variation similar to that proposed by Crutcher et al. (1994) on the basis of magnetohydrodynamic (MHD) simulations. Model 2: a freefall collapse model where n H 2 ϰ r ¹1:5 and v s ϰ r ¹0:5 . Model 3: a modified singular isothermal sphere (SIS) with density ϰr ¹2 beyond an 'infall radius' (r inf ), within which the density and velocity variation is like the freefall model (Shu 1977) . Model 1 corresponds to a cloud that is evolving on an ambipolar diffusion time-scale rather than in freefall collapse. In this model, we have approximated the density and 'turbulent' velocity profiles as a two-power-law function. Table 6 summarizes the basic parameters of each model which are kept constant -the temperature and abundance profiles are then varied. The outer radius is chosen to be 1.5 pc. The density is assigned on two pieces of evidence: (1) that the density at a distance of 0.02 pc is of order 10 5 -10 6 cm ¹3 since the HCO þ 4→3 line is clearly detected towards both clumps; and (2) that the masses of the model clouds are matched as closely as possible to the dust and/or virial masses of the clumps. Subsequent investigation reveals that the exact density variation is relatively unimportant and our conclusions hold for all reasonable forms. The clouds are also assumed to be simultaneously internally and externally heated using a radial temperature variation taken from the results of Scoville & Kwan (1976) . The outermost temperature is assigned on the strength of observed 12 CO line intensities (see Table 3 ). The temperature variation within the clouds is T K ¼ 13:0R 0:33 þ 2:0R ¹0:33 for HH25MMS, and 17:1R 0:33 þ 2:9R ¹0:33 for HH24MMS, where R ¼ r=r 0 is the ratio of the shell radius to the outer radius of the cloud.
Carbon monoxide
For C 18 O, we have maps for the J=2→1 transition and on-source points for J=3→2 in both HH24MMS and HH25MMS, which permit us to constrain the structure of each model cloud.
The effect of an embedded heating source is simulated by a radial decrease in temperature from the central shell at a radius of 0.003 pc, producing the net profile shown in Fig. 4 (see previous section also). The innermost temperature in the HH24MMS model (see Chandler et al. 1995 ) is higher than in HH25MMS. This difference, if genuine, probably reflects a difference in mass (and hence luminosity) between the two Class 0 sources, rather than a difference in age. HH25MMS has a well-developed, highly collimated bipolar CO outflow (Gibb & Davis 1998) , whereas the flow from HH24MMS is somewhat more compact (Bontemps et al. 1996) . The temperature affects the abundance of C 18 O close to the centre (see below). The J=3→2 line (with an upper energy level of 31.6 K) provides a sensitive means to estimate the effect of a rise in temperature towards the centre.
The velocity variation in each cloud (both turbulent and systematic) has a subtle but important effect on the line shapes and intensities. In the freefall collapse model (2), the systematic (collapse) velocity produces extended line wings. Since such wings are not observed, the only way to reproduce this is to maintain a low C 18 O abundance close to the cloud centre. However, in so doing it becomes impossible to model the centre and off-centre spectra simultaneously. It is therefore unlikely that these clumps are in freefall collapse.
The turbulent component is, in general, the dominant source of line broadening. It is necessary to increase the turbulent velocity to approximately 1 km s ¹1 for radii less than about 0.02 pc (for all three models). This may be a crude representation of the effect of an outflow on the gas nearest the centre of the cloud, which of course is not accounted for here.
The C 18 O abundance variation is taken from Schilke et al. (1995) for the outer regions (A V < 4, which corresponds roughly to radii greater than 1.1 pc) but forced to fall off towards the centre to mimic the effects of accretion on to dust grains. The rate at which the abundance decreases into the cloud is varied to fit the observed intensities at the centre, and 20-and 40-arcsec offsets. A constant C 18 O abundance results in lines that were too bright in the 2→1 and 3→2 transitions (both on-and off-centre). Therefore an inwardly decreasing abundance is necessary to reduce the line optical depths. However, if the C 18 O abundance falls off too steeply then there is no variation in intensity with radial offset from the cloud centre, and the line intensities are too low. If the fall-off is too shallow then the intensities of the off-centre points are too high.
To obtain a fit for HH24MMS, the C 18 O abundance needs to rise again towards the centre to raise the optical depth and hence brightness temperature along the central line of sight. This simulates the evaporation of CO from grain mantles as a consequence of the rise in temperature. It is assumed that the rate at which this occurs is proportional to temperature as a crude way of permitting the slow release of molecules into the gas phase. This 'slow release' is found to be necessary -no good fits can be achieved if the CO is returned instantly to the gas phase. One might expect the abundance to return instantly to its standard value once the sublimation temperature is exceeded (given the exponential dependence of the evaporation rate on temperature). However, if the CO molecules are embedded in a water or CO 2 matrix then even if the dust grains are warmer than the CO sublimation temperature given by Nakagawa (1980) , some CO molecules will remain trapped in the mantle (also see, e.g., Blake et al. 1995) . The proportion of other grain mantle components must be roughly equal to that of the CO to bind it efficiently. An outflow will also return grain mantle material to the gas phase, although we have found it unnecessary to include such an effect separately.
The most notable result, which applies irrespectively of the assumed model, is the widespread reduction in the C 18 O abundance (compared with the nominal value of 2 × 10 ¹7 ) required to fit the observed profiles (which confirms our earlier LTE analysis). Quantitatively, the model requires that the C 18 O abundance must be a factor of 10 lower than the standard value throughout the innermost 0.25 pc of the core. Furthermore, to fit the spatial variation in line intensity towards HH24MMS, the abundance of C 18 O is increased again near the centre of the model cloud. Such a rise is unnecessary towards HH25MMS, although Fig. 4 shows the maximum level that this could attain without influencing the output profile. We stress that this rise towards the centre is necessary to obtain a good fit for HH24MMS. The best-fitting solution involves a variation such that XðC 18 OÞ ¼ 1:7 × 10 ¹7 R 1:6 þ 1:2 × 10 ¹9 R ¹0:33 (which is roughly ϰ1=n H 2 in the outer regions of the cloud). Fig. 5 compares the best-fitting model lines with those observed towards HH24MMS and HH25MMS.
Overall, the best model fits are obtained using the quasi-static magnetic model (1) with a (negligibly) small systematic velocity, and a turbulent velocity which decreased inwards from the cloud edge in the manner given by Crutcher et al. (1994) until a radius of 0.02 pc is reached where v t is set to a constant (Fig. 4) . Table 7 summarizes the properties of the observed and resultant best-fitting model lines for each model cloud. Model 3 (SIS) tends to produce line profiles that are broader at the base (larger full-width-at-zerointensity) and more sharply peaked at the centre then those from model 1, although the fall-off in intensity for the SIS model is a slightly better fit to that observed than the magnetic model (1). The value of the infall radius required for the SIS model is not especially well constrained but appears to be less than the beam radius, consistent with a protostellar source with an age of approximately 2×10 4 yr. These results have been derived assuming a cloud radius of 1.5 pc, somewhat larger than the observed largest dimension of the core. This value is chosen to include the contribution to the CO and C I lines from the low-density envelope. The effect of assuming smaller values of r 0 has been investigated. It is found that the C 18 O abundance must fall off more rapidly towards the centre than given above. This is easily explained because the observed lines are optically thin and so directly measure column density. Reducing the outer radius gives rise to a larger value for the outer density, where the C 18 O abundance is set to its nominal value. Therefore the observed column density of C 18 O is reached within a shorter path length into the cloud and so the abundance must fall off more quickly to compensate.
Neutral carbon
Since we have only a single transition of neutral carbon and the mapping is incomplete, our results are not particularly well-constrained. In the case of HH24MMS, we only have a single position, whereas several off-source spectra were recorded near HH25MMS (Figs 2 and 3) .
The neutral carbon abundance depends most strongly on the visual extinction from the outer surface of the cloud upon which the dissociating far-UV radiation is presumed to impinge. Accordingly we have assumed initially that it falls off with A V from the outer radius following a profile similar to that of Schilke et al. (1995) , but with the value at the outer radius of the cloud adjusted to give a good fit to the line intensity. Their variation of carbon abundance with visual extinction is parametrized as follows:
where A V ¼ 1:06 × 10 ¹21 N H (Bohlin, Savage & Drake 1978) is the visual extinction measured from the edge of the cloud (at r 0 ¼ 1:5 pc) inwards to a radius r. The column density of hydrogen is calculated from N H ¼ 2 r r 0 n H 2 dr, the factor of 2 converting from molecular hydrogen column density to total H column density. At no position is the C abundance greater than the cosmic value (3 × 10 ¹4 : Allen 1973) . The maximum abundance is 1.1×10 ¹4 , about 6 times higher than in TMC-1, from the model of Schilke et al. (1995) . The modelling shows that this abundance variation results in line intensities and shapes similar to those observed, and that there is no noticeable difference between the magnetic (1), freefall (2) or SIS (3) model. This is perhaps not surprising given that the first two models are physically very similar in the region where most of the carbon resides. Typical resultant lines are shown in Fig. 6 . Since the majority of the neutral carbon is located in the outermost 2-3 mag of the cloud, it is also unsurprising that the model easily reproduces the observed lack of contrast in C I spectra from the east-west scan (Fig. 3) .
Similar fits can be obtained over a fairly small range of parameters for HH25MMS. For example, fits can be obtained for clouds with higher exterior temperatures (25-30 K) if the carbon abundance is reduced (by a factor of ϳ2). However, for HH24MMS no satisfactory fits are possible if the carbon abundance is reduced below the value adopted above, regardless of temperature. This is easily explained because the model lines are optically thin and the fractional population of the J ¼ 1 level changes by less than 10 per cent between 16 and 100 K. Since the C I emission is optically thin then N C ϰ T R dv=f 1 ðTÞ, and the observed integrated intensity will also change by less than 10 per cent. The low optical depths of the model lines are surprising given the saturated appearance of the observed lines.
Alternative carbon distributions
The above discussion has assumed that the neutral carbon abundance varies with A V in the manner of the model of Schilke et al. (1995) , which is tantamount to placing the carbon in an outer shell. However, a wide variety of abundance profiles can be made to fit the data. For example, a constant abundance can be fitted for models 1 and 3, but not model 2: therefore, if the clumps are in freefall collapse then a rapid inward decrease in the neutral carbon abundance must exist or else the predicted lines are too broad. Another alternative is the radial dependence that we derived for G34.3+0.2 (Little et al. 1994) in which X C ϰ r 0:9 . This profile is easily fitted by all three models, demonstrating the difficulty in constraining the abundance variation within the cloud with only a single transition and a sparsely sampled map. To summarize, models 1 and 3 can be fitted with almost any abundance profile (subject to an upper limit of approximately 2 × 10 ¹5 at the cloud edge for shallower profiles), while the freefall model (2) requires an inwardly decreasing abundance, either in the form of Schilke et al. (1995) or as typically ϳr 1:75 . The external temperature is slightly better constrained: at least 20 K towards HH24MMS, and 15 K towards HH25MMS. In all of these models, the C I lines have greater optical depths than those derived from the Schilke et al. abundance profile, a result which is more in keeping with observed appearance of the lines (Fig. 2) . A good fit has been achieved without the necessity of heavy saturation of the C I lines, which, if assumed, would increase the derived C abundance further.
Justifying a spherically symmetric model
A major approximation involved in the modelling is clearly that of spherical symmetry. We can justify this assumption on the grounds that both of the sources we are modelling are of Class 0 status and are therefore not appreciably flattened except on scales smaller than our beam (and also on scales smaller than the innermost shell employed in the models). For example, Chandler et al. (1995) did not resolve any flattening of HH24MMS with 2.5-arcsec resolution (1000 au at 400 pc), while in the prototype Class 0 source VLA1623, the circumstellar disc is estimated to be 175 au or less (Pudritz et al. 1996) . The presence of bipolar outflows from both sources also questions the assumption of spherical clouds. However, outflows from Class 0 objects tend to be highly collimated and thus the propagation of such a flow only affects a small volume of the whole cloud. In both cases, therefore, it seems that the assumption of spherical symmetry is reasonable.
D I S C U S S I O N A N D I N T E R P R E TAT I O N
The N(C)/N(CO) ratio
The ratio of C and CO LTE-derived, beam-averaged column densities lies in the range 0.13 to 0.27 (with a mean value of 0.21 - Tables 4 and 5 ). The effect of depletion in the inner core is to boost the N(C)/N(CO) ratio, while high optical depths in the C I line cause the true C/CO ratio to be underestimated. Unfortunately we have no C 18 O data away from the main ridge so the N(C)/N(CO) ratio is unknown off-source. The behaviour of the N(C)/N(CO) ratio within the cloud is complicated by the depletion of CO on to dust grains inside the clumps and the removal of free atomic carbon via reactions with H þ 3 , the efficiency of which increases as the CO abundance drops (Gredel, Lepp & Dalgarno 1987) . This should lead to a very rapid decrease in the C abundance towards the cloud centre, which would show up as a nearly unchanging neutral carbon ᭧ 1998 RAS, MNRAS 295, 299-311 column density (or integrated intensity) across the source, as we observe (Fig. 3 ).
In the low-ionization phase (LIP) model for TMC-1 by Schilke et al. (1995) the neutral carbon is located predominantly on the outside of the cloud and decreases rapidly inwards. This model predicts a nearly constant carbon column density as a function of visual extinction above a value of about 2 mag. With no carbon in the interior there is clearly no contribution to the integrated intensity. The values of N C (Table 5) in HH24-26 all lie above the LIP model line (their fig. 2b) . If the C I lines are optically thick, then the carbon column densities will be higher still.
The most likely explanation for our greater C column densities is a greater gas-phase carbon abundance. For example, Hollenbach, Takahashi & Tielens (1991) demonstrate that N(C) is only a weak function of the incident UV radiation field strength. Therefore it seems most likely that the reason our estimated N(C) values lie above the line of Schilke et al. is that more carbon is present in the gas phase than assumed in their model. This is also borne out by the radiative transfer model, which requires a higher neutral carbon abundance to fit the C I line intensities (in the models that employ the Schilke et al. C abundance profile). Furthermore, the models of Hollenbach et al. (1991) also tend to have higher peak gas-phase abundances of C than that of Schilke et al.
Chemistry in cold collapsing cores
CO is relatively volatile, only freezing out at temperatures of order 17 K (Nakagawa 1980 ). Bergin, Langer & Goldsmith (1995) have examined the chemistry in static clouds, allowing for depletion on to grains and including a number of desorption mechanisms. They showed that for CO to freeze out significantly, the grain mantles must be primarily composed of H 2 O. However, they also showed that the binding of CO in the mantle is weak and that the CO is removed within a very short period of time (of order 100 yr) once the dust temperature has increased above ϳ22 K. Given our result that the C 18 O abundance must rise more gradually than expected, one possible explanation is that the CO takes part in grain surface reactions so that there is less to release into the gas phase once the sublimation temperature is exceeded.
Within collapsing clumps, the chemistry has been modelled by Rawlings et al. (1992) who demonstrate that, in the isothermal stage of collapse, the CO freezes out on to the dust grains. Referring to their fig. 3 , the CO abundance at an age of 1.3×10 5 yr and within a radius of 0.02 pc is ϳ2 × 10 ¹6 , corresponding to a C 18 O abundance of 4 × 10 ¹9 . Comparing this with the values in Table 3 , we see that towards the clump positions there is good agreement between the values of Rawlings et al. (1992) and our C 18 O abundances to within a factor of ϳ2. The length of time that the chemical model requires to produce such low abundances is an order of magnitude greater than the inferred ages of the two Class 0 sources. This suggests that the parent cloud remains in a (quasi-) static configuration for a considerable time before becoming unstable to forming a protostellar core, as expected if the evolution of the cloud is controlled by magnetic fields (e.g. . These results are also borne out by more recent work by Bergin & Langer (1997) , who conclude that water-ice mantles are necessary to produce large levels of depletion, and predict that HCO þ , CS and SO will be highly depleted from the gas phase. Given the large depletions inferred within HH24MMS and HH25MMS, we conclude that the dust grain mantles should contain a significant amount of water ice.
The evolutionary status of HH24-26
Molecular depletion has now been observed towards several sources (e.g. NGC 1333-IRAS4 - Blake et al. 1995) , although high levels inferred throughout the core have only been identified in a few (e.g. IRAS 05338-0624 -McMullin, Mundy & Blake 1994) . The high level of CO depletion inferred within HH24-26 suggests that there have been no stellar sources to influence the chemistry and return grain mantle material to the gas phase, so that molecules are continuously accreting on to the dust grains. Thus the core may be forming its first generation of stars. If the bulk of the core has been contracting quasi-statically through the action of ambipolar diffusion for 10 6 yr (e.g. Crutcher et al. 1994 ) then there has been sufficient time for CO to accrete on to grains even in the lowerdensity regions. This interpretation is reinforced by the lack of a near-IR cluster compared with the other high-mass cores in L1630 (Lada et al. 1991 ). We would not, therefore, expect to see such high levels of depletion towards these other cores.
Is this interpretation supported by other observations in HH24-26? The 4→3 HCO þ data of GH93 were the original tracers of the clumps, so we need to address why 4→3 HCO þ traces the clumps and C 18 O does not -i.e. why HCO þ does not appear to be significantly depleted. There is some evidence for the depletion of HCO þ -the large velocity gradient (LVG) modelling of GLHL95 required a modest reduction in the HCO þ abundance to fit the observed line intensities. Chemical models of cloud evolution show that HCO þ may actually rise in abundance for a time during the collapse of a clump because the species that destroy HCO þ are removed from the gas phase more quickly than HCO þ itself (Rawlings et al. 1992) . This seems to be true for all molecular ions . In addition, the HCO þ 4→3 line becomes optically thick relatively quickly and so masks any evidence of internal depletion (GH93).
While the HCO þ emission can be explained by collapse-phase chemistry, CS is also seen to trace some of the clumps (GH93), contrary to the results of Bergin & Langer (1997) . However, closer inspection reveals that the CS emission is observed towards regions where shocks are likely to be the dominant source of excitation. For example, HH25MMS is located exactly at the centre of the HCO þ 4→ 3 emission but the CS 5→4 peaks about 10 arcsec north-east of HH25MMS and is strong in the south-east. Given that there is a bipolar outflow being driven by HH25MMS and that its shape is nearly identical to the distribution of CS 5→4, it seems probable that the outflow is responsible for the enhanced CS emission (Gibb & Davis 1998 ).
C O N C L U S I O N S
We have presented observations of C 18 O (J ¼ 2→1 and 3→2) and neutral atomic carbon ( 3 P 1 → 3 P 0 ) towards the HH24-26 molecular cloud core, made at the JCMT. The core was mapped in the 2→1 line of C 18 O, with single 3→2 spectra recorded at the peak position of the two clumps harbouring Class 0 protostar candidates (HH24MMS and HH25MMS). C I spectra were observed at the position of each of the clumps identified by GH93, together with an east-west cross-scan which was made at the declination of clump E/HH25MMS.
The C 18 O distribution is markedly different from the previous maps of HCO þ and dust continuum, and displays little evidence of the substructure in the core. Estimates of the column density towards clumps B (HH24MMS), E (HH25MMS) and F suggest that there is very little CO in the gas phase. Alternative explanations, retaining normal abundances and relying on optical depth effects (as discussed in Section 5), seem to be less likely.
The clump temperatures are sufficiently low to permit CO to freeze out on to grains. Comparison with chemical models of collapsing clumps, such as Rawlings et al. (1992) , reveals reasonably good agreement with the depletion interpretation, suggesting that these clumps are still in the collapse phase of evolution and that embedded young stellar objects have not yet been able to warm their surroundings sufficiently to liberate ices significantly. This effect should therefore be observable in many other species which will require further observations to confirm.
Non-LTE radiative transfer modelling of the C 18 O emission can give a quite satisfactory description of the C 18 O and C I line shapes and intensities with a fairly simple model for the core. The models require a significant reduction in the CO abundance, and show that it is widespread throughout the core and not just confined to the immediate environs of the clumps. In the case of HH24MMS, it has been deduced that the CO abundance begins to rise again within 0.05 pc, suggesting that this source is warming up the grains and returning mantle material into the gas phase. To the south, HH25MMS shows no evidence for this level of internal heating, which suggests that HH24MMS may be the more massive and luminous young stellar object of the two. In the context of recent chemical models by Bergin & Langer (1997) , the grain mantles must contain a significant amount of water ice to permit such levels of depletion.
The neutral carbon displays very low contrast across the source, although both it and C 18 O tend to be brighter towards the HH24 complex in the northern part of the core. The C I spectra show weak evidence for broadening towards the clumps, indicating that there may be neutral carbon deep within the core and not just on the surface. Application of a non-LTE radiative transfer model shows that the difference in intensity between the northern and southern regions of HH24-26 is consistent with a difference in temperature and not necessarily abundance, although the results are poorly constrained.
We conclude with the following picture of HH24-26. The core has dimensions of approximately 1.0×0.5 pc, elongated roughly north-south. In the north of HH24-26, the envelope temperatures are 20-25 K (from C I and CO line intensities), indicating an external heating source located to the north and east such as the near-IR cluster in NGC 2068 (Lada et al. 1991) . Within the core, a linear filament has formed (seen in ammonia: Harju et al. 1993) which has fragmented into numerous clumps (seen in HCO þ and dust continuum: GH93; GLHL95). The filament and clumps have lower temperatures: typically 10-15 K. The clumps are the sites of current or future star formation, and some of them have embedded infrared and or radio continuum sources. Significantly reduced abundances of C 18 O suggest that these clumps are still in the collapse phase of evolution, and, coupled with the observation that the core does not contain an infrared cluster, this indicates that HH24-26 may be in the process of forming its first generation of stars.
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